Escherichia coli K-12, grown under anaerobic conditions with glucose as the sole source of carbon and energy without any terminal electron acceptor added, contains a fumarate reductase system in which electrons are transferred from formate or reduced nicotinamide adenine dinucleotide via menaquinone and cytochromes to fumarate reductase. This fumarate reductase system plays an important role in the metabolic energy supply of E. coli, grown under so-called "glycolytic conditions," as is indicated by the growth yields and maximal growth rates of mutants impaired in electron transfer or adenosine triphosphatase (uncB). In mutants deficient in menaquinone, cytochromes, or fumarate reductase, these values are considerably lower than in mutants deficient in ubiquinone or a functional adenosine triphosphatase. Electron transfer in this fumarate reductase system leads to the generation of a membrane potential, as is indicated by the uptake of the lipophilic cation triphenylmethylphosphonium by membrane vesicles prepared from cytochrome-sufficient and uncB cells. The generation of a proton-motive force by the fumarate reductase system was also demonstrated by the uptake of amino acids under anaerobic conditions in membrane vesicles of cytochrome containing and uncB cells grown under glycolytic conditions. Membrane vesicles of cytochrome-deficient cells failed to accumulate triphenylmethylphosphonium and amino acids under these conditions, indicating that cytochromes are essential for the generation of a proton-motive force. Using glutamine uptake as an indication of the generation of ATP and proline uptake as an indication of the generation of a proton-motive force, it was demonstrated in whole cells that the proton-motive force is formed by ATP hydrolysis in cytochrome-deficient cells and by electron transfer in the uncB cells. In cytochrome-containing cells it was not possible to distinguish between these two possibilities, but the growth parameters suggest that, under glycolytic conditions, the proton-motive force is generated via electron transfer in the fumarate reductase system rather than via ATP hydrolysis.
ANAEROBIC TRANSPORT IN E. COLI 845 adenosine triphosphatase (ATPase) activity (18, 38) . Moreover, in inverted membrane vesicles it was shown that ATP hydrolysis supplied the energy for Ca2+ uptake (36, 43) and resulted in quenching of acridine fluorescence (8, 30, 44) , indicating that ATP hydrolysis indeed leads to the generation of a proton-motive force.
It was accepted that ATP is the only possible source for the generation of a proton-motive force in E. coli grown anaerobically on glucose when no electron acceptors were added (14, 41) . In this investigation we have studied the generation of a proton-motive force in such "glycolytically" grown cells, and observed that these cells possess a functional fumarate reductase system in which electrons from formate are transferred via menaquinone and cytochrome b to fumarate reductase and the electron acceptor fumarate is reduced to succinate (4) (5) (6) 21) . Furthermore, it was shown that electron transfer in this fumarate reductase system can generate a proton-motive force under anaerobic conditions. An obligate role for ATP as the driving force for active transport, therefore, seems to occur only in cells that are defective in electron transfer. We approached the problem by studying active transport in whole cells and membrane vesicles of well-documented electron-transfer-deficient mutants of E. coli and by comparing these properties with the transport properties of mutants defective in the membrane-bound Ca2", Mg2+-stimulated ATPase. The results of these studies indicate that, in wild-type E. coli grown under glycolytic conditions, ATP hydrolysis and fumarate reduction can both generate a protonmotive force, but the latter system seems to contribute most to this proton-motive force.
MATERIALS AND METHODS
Cell growth and preparation of membrane vesicles. E. coli K-12 strains (Table 1) were grown under anaerobic conditions at 37°C to late exponential growth phase as described previously (4, 21) on medium 56 (28) (pH 7.0) supplemented with glucose (0.5%) as the sole carbon and energy source. When required, growth supplements were added at the following final concentrations: arginine, 1 mM; isoleucine and valine, 0.5 mM; 2,3-dihydroxybenzoate, 10,uM; 8-aminolevulinic acid (ALA), 30 MM. Cultures of uncB mutants were checked for reversion by growth on succinate plates (7, 12, 29, 37) .
Membrane vesicles were isolated as described previously (4, 21) . For each experiment the membrane vesicles were frozen and thawed only once.
Growth rate constants and growth yields. Bacteria were grown anaerobically in screw-capped tubes (10-mm diameter, 12-cm length). Growth was followed by measuring the absorbance at 660 nm with special adapters in a Vitatron UC 200 spectrophotometer (Vitatron Scientific Instruments, Dieren, The Neth- Refer-AN248  ilvC argH entA  7  AN283  uncB argH entA  7  AN472  frd ilvC entA  37  AN480  frd uncB entA  37  AN704  ilvC argH entA leu hemA  12  AN750  ubiB ubiA leu entA hemA  12  AN843 menA401 ilvC leu entA hemA 9
a Genes coding for enzymes in various biosynthetic pathways are denoted as follows: ilv, isoleucine and valine; arg, arginine; ent, enterochelin; leu, leucine. The unc genes code for factors required in the coupling of phosphorylation to electron transport, the frd gene codes for the enzyme fumarate reductase. hemA, codes for the synthesis of ALA. These strains were kindly supplied by G. B. Cox and F. Gibson, The Australian National University, Canberra. erlands). The growth rate constants (,uh-') were determined from the increase of absorbance at 660 nm during exponential growth.
Growth yields (milligrams of cellular C per millimole of glucose consumed) were determined by measuring the organic C with a carbon analyzer (Beckman, model 915A; Beckman Instruments Inc., Fullerton, Calif.) connected to an infrared analyzer (Beckman, model 865). After exponential growth, the cells were washed once in a C02-free phosphate buffer (pH 6.6) and suspended in this buffer. Organic C was estimated in this suspension from the difference of total C and inorganic C. Glucose consumption was determined from the difference in glucose concentration before and after growth of the strains. Glucose was measured with the glucostat assay (Worthington Biochemical Corp., Freehold, N.J.)
Enzyme activities. Coupled enzyme activities were measured in an anaerobic cuvette in an Aminco split-beam spectrophotometer (Aminco DW 2a, UV/VIS, American Instrument Co., Silver Spring, Md.). Formate-fumarate oxidoreductase activity was estimated by assaying the decrease of fumarate in the reaction mixture at 240 nm. The reaction mixture contained (3.0 ml total volume): 50 mM potassium phosphate buffer (pH 6.6), 10 mM magnesium sulfate, 0.5 mM potassium fumarate, and 0.02 to 0.04 mg of membrane protein. The reaction was started by the addition of 10 mM potassium formate to the sample cuvette. The extinction coefficient was taken to be 1.4 mM-' cm-' (45) . Reduced nicotinamide adenine dinucleotide (NADH)-fumarate oxidoreductase activity was estimated by assaying the decrease of absorption of NADH in the reaction mixture at 340 nm. The reaction mixture (3.0 ml total volume) contained: 50 mM potassium phosphate buffer (pH 6.6), 10 (11) . The absence of cytochromes decreased the growth rate of strain AN704 and AN750 by 50% but had only a small effect on the growth rate of AN843 ( Table 2 ). The growth rate of the ubiquinonedeficient strain (AN750 + ALA) was essentially the same as AN704 + ALA, whereas the ,u of the menaquinone-deficient strains was reduced by more than 50% (Table 2 ). These results suggest that cytochromes and menaquinone are impor- tant for anaerobic growth on glucose. The uncB mutant AN283 grew at a ,u that was slightly lower than the ,u of the parent strain (AN248) ( Table 2 ). However, the fumarate reductase-deficient mutant AN472 grew very slowly, and the double mutant AN480 did not grow at all (Table  2) . These results indicate an important role of a fumarate reductase system in the energy production of E. coli under glycolytic conditions. Similar conclusions can be drawn from the growth yield data ( Table 2 ). The growth yield was decreased significantly in the absence of menaquinone, cytochromes, or funarate reductase, whereas ubiquinone deficiency or an uncB mutation had hardly any effect. It is of interest that the growth yield of the uncB mutant (AN283) was almost as high as that of the parent strain (AN248), indicating that the fumarate reductase system of the parent strain does not contribute significantly to ATP synthesis. Difference spectra of reduced versus oxidized cytochromes. Difference spectra of dithionite-reduced versus oxidized membrane vesicles of cytochrome-sufficient cells and cytochrome-deficient cells are shown in Fig. 1 . These difference spectra revealed, for membrane vesicles from cytochrome-sufficient and uncB cells, absorption bands corresponding to cytochromes b (562 mm), a, (590 nm), and d (630 nm). The same absorption bands were found in cytochrome-contining AN750 (ubiquinone-deficient), cytochrome-containing AN843 (menaquinone-deficient), strain AN248, and strain AN472 (frd) (data not shown). As expected, no absorption bands were observed in strains AN704 (Fig.  10) , AN750, and AN843, when grown in the absence of ALA (data not shown).
To answer the question of whether electron transfer and/or ATP generates a proton-motive force in whole cells of glycolytically grown E. coli, three strains which differed in their energygenerating mechanism were studied in more detail: strain AN704 + ALA contains both a fumarate reductase system and a functional ATPase; strain AN283 (uncB) relies entirely upon electron transfer for the generation of a protonmotive force; and strain AN704 -ALA (cytochrome-deficient) relies entirely upon ATP hydrolysis for the generation of a proton-motive force. This latter strain was preferred above the menaquinone-deficient (AN843) and the fumarate reductase-deficient (AN472) strains to exclude a possible contribution of other cytochrome-containing electron transfer systems to the generation of a proton-motive force under glycolytic conditions.
Coupled enzyme activities. Amino acid uptake by membrane vesicles. Membrane vesicles from cytochrome-sufficient cells (Fig. 3A) accumulated amino acids anaerobically with formate and finarate and significantly more aerobically with formate or ascorbate-PMS. In these vesicles amino acid uptake was also stimulated aerobically by NADH (data not shown). Membrane vesicles prepared from cytochrome-deficient cells (Fig.  3B ) grown under glycolytic conditions did not accumulate amino acids with any electron donor/acceptor combination tested. Membrane vesicles from the uncB strain (Fig. 3C ) accumulated amino acids anaerobically with formate and fumarate and aerobically with formate or ascorbate-PMS. In these vesicles amino acid uptake was also stimulated aerobically with NADH and under anaerobic conditions in the presence of NADH and fumarate (data not shown). The results in Fig. 2 and 3 indicate that membrane vesicles from cytochrome-containing and uncB cells grown glycolytically generated a proton-motive force under anaerobic conditions by fumarate reduction. In contrast, membrane Generation of a proton-motive force in whole cells. To obtain information about the generation of ATP and/or a proton-motive force in whole cells during glycolytic growth, we studied the transport of two amino acids that appear to require different energy sources. The uptake of glutamine (Fig. 4) was used as an indication of the synthesis of ATP (1-3, 9, 13, 18) , and that of proline (Fig. 5 ) was used as an indication of the generation of a proton-motive force (13, 33, 34) .
Cytochrome-containing cells accumulated glutamine (Fig. 4A) and proline (Fig. 5A) anaerobically in the presence of glucose as the sole source of carbon and energy, showing the generation of a proton-motive force (proline uptake) and ATP (glutamine uptake). Under aerobic conditions in the presence of ascorbate-PMS, both glutamine and proline were accumulated. This indicates that the proton-motive force, generated by ascorbate-PMS oxidation (Fig. 5A) , can be used for the synthesis of ATP (Fig. 4A) .
Cytochrome-deficient cells accumulated glutamine (Fig. 4B) and proline (Fig. 5B ) under anaerobic conditions with glucose and thus generated ATP and a proton-motive force. However, under aerobic conditions with ascorbate-PMS, neither glutamine nor proline was transported. These results and the results in Fig. 2B and 3B demonstrate that electron transfer is not able to generate a proton-motive force in cytochrome-deficient cells. Therefore, the protonmotive force generated under glycolytic conditions (Fig. 5B ) has to be generated by ATP hydrolysis. Similar results were obtained with cytochrome-deficient cells of strains AN750 and AN843 (data not shown).
Cells of the uncB strain AN283 accumulated glutamine (Fig. 4C) and proline (Fig. 5C ) under anaerobic conditions in the presence of glucose.
With ascorbate-PMS, these cells accumulated only proline (Fig. 5C) , showing that under these conditions ascorbate-PMS oxidation results in the generation of a proton-motive force, but not in ATP synthesis. On the other hand, due to the mutation, glycolytically generated ATP cannot generate a proton-motive force, and therefore the proton-motive force present under glycolytic conditions (Fig. 5C ) has to be generated via electron transfer, most probably in the fumarate proton-motive force and subsequently stimulate active transport. It has been argued that these conditions occur in glycolytically grown cells. However, in this investigation it is demonstrated that E. coli grown anaerobically on glucose-mineral medium forms a fumarate reductase system, and that electron transfer in this system leads to the generation of a proton-motive force (Fig. 3) . It has been demonstrated that bacteria closely related to E. coli, such as Proteus-rettgeri (22) 2) and to a stimulation of amino acid uptake (Fig. 3) under anaerobic conditions.
The coupled enzyme activities ( 4. riers of the fumarate reductase system (1, 23) , and no fumarate reductase activity was detectable in membrane vesicles of the menaquinonedeficient strain AN843 (data not shown). Electron transfer to fumarate occurs to some extent in the absence of cytochromes because coupled enzyme activities were found in membrane vesicles of cytochrome-deficient cells (Table 3) , but cytochromes are essential for the generation of a proton-motive force, since vesicles of cytochrome-deficient cells fail to accumulate TPMP+ or amino acids ( Fig. 2 and 3) . These results are in agreement with those reported by Singh and Bragg (42) . Cytochrome-sufficient strains ( Fig. 1 and data not shown) contain cytochrome b (562 nm), a (590 nm), and d (630 nm). These same cytochromes were found in membrane vesicles of strain ML 308-225, induced for the fumarate reductase system (6) . It is noteworthy that in strain ML 308-225 these cytochromes were reduced by the oxidation of formate and NADH and that a 25% reoxidation of cytochrome b occurred upon the addition of fumarate, indicating the involvement of this cytochrome in the fumarate reductase system (6, 21) .
The observation that ATP hydrolysis can lead to the generation of a proton-motive force is of particular interest. However, the growth parameters are considerably affected in strains with a defective fumarate reductase system but not in the uncB strain, indicating that the proton-motive force is generated preferentially by electron transfer.
Of interest is the observation that membrane vesicles of uncB cells generate a higher protonmotive force with formate and fumarate than membrane vesicles of cytochrome-sufficient AN704 cells ( Fig. 2A and C) , whereas the formate-dependent fumarate reduction rates are similar in both preparations (Table 3) . In uncB cells, the Fo of the membrane-bound ATPase is not able to translocate protons across the membrane (10, 15) , and removal of the F1 does not effect the proton permeability of the membranes. On the other hand, partial removal of the F1 during the isolation of AN704 membrane vesicles (40) might lead to an increased proton permeability.
The low proton permeability of membranes of the uncB strains might also explain why these cells are able to grow anaerobically on glucose, in contrast to other ATPase-deficient mutants such as E. coli DLI5, and E. coli NR70. Previ the uncB strain but not in the ATPase-deficient strains. However, our results show that a fumarate reductase system is commonly present in E. coli grown under glycolytic conditions. A more likely explanation for the failure of ATPase-deficient cells to grow anaerobically on glucose is that the fumarate reductase system cannot compensate sufficiently for the increased proton permeability.
